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ABSTRACT Large subsided areas, especially those that intersect the water table, were among the more dramatic morpho-
seismic features produced by the great New Madrid earthquakes of 1811-12 in the central Mississippi River valley. Seismically 
induced liquefaction (SIL) with associated densification and/or lateral-movement of fluidized sediments is a well-documented 
factor in relatively small-scale subsidences not involving depths greater than 30 meters. Several of the sunk lands associated 
with the New Madrid series, such as Reelfoot Lake, Tennessee, and Big Lake, Arkansas/Missouri, are quite large with areas of 
more than 200 square kilometers. If SIL was a significant factor in the subsidence of these large areas the depths of liquefaction 
would have to extend 50 meters or more in depth. At this time there are no documented cases of SIL at such depths. This study 
provides an analysis of order-of-magnitude loading stresses that would be required, versus pore-water pressures that would have 
to be overcome to have SIL in great depths. This analysis suggests that SIL can occur at depths in excess of 100 meters under 
selected conditions and that such conditions were probably met during the great New Madrid earthquakes and played a role in 
creating some of the largest morphoseismic landforms still visible in the New Madrid Seismic Zone today. 
INTRODUCTION 
One of the probable factors controlling the formation of large 
subsidence features, such as the basin continuing Reelfoot 
Lake in Tennessee or Big Lake on the Arkansas-Missouri 
state line, is seismica_lly induced liquefaction (SILl at depth 
involving large volumes of sediment that compact or density 
following liquefaction. These lakes formed, or at least 
experienced their most recent subsidence, during the 
earthquakes of 1811-12. 
Reelfoot Lake, as it appeared in 1813, filled an oval 
depressed basin of some 24,000 ha (approximately 250 
square kilometers). Its length was a little over 25 km, its 
width approximately 10 km, and its depth ranged up to 6 m 
with a mean figure around 3 m. 
It is well documented that large areas of "raised land" 
and "sunk land" in the New Madrid Seismic Zone (NMSZ) 
are thought to have developed primarily in response to 
tectonic deformations in basement rock far below the 
surface (e.g. Gori and Hays, 1984). It is reasonable to expect 
that these initiating basement deformations may cause a 
number of deep-seated secondary soft-sediment responses. 
Evidence of extensive near-surface liquefaction can 
still be observed throughout a 12,000 square km area sur-
rounding Reelfoot Lake (Stewart & Knox, 1991, 1993, 
1995b). The New Madrid sequence produced more than 
2,000 earthquakes that shook the ground during a five-
month period in 1811-12 (Fuller, 1912). The dynamic 
mechanisms for large areas of compaction and surface 
subsidence by deep liquefaction certainly seem to have been 
present. In fact, according to Nuttli (1990), among the 
2,000 plus events there were five at least 8.0 in magnitude; 
another five of Ms about 7. 7; ten of Ms about 6. 7; thirty-five 
of Ms about 5.9; and 65 of Ms about 5.3. That totals to 
approximately 120 earthquakes in the NMSZ within a 
relatively short period of time-all capable of inducing 
liquefaction. 
With widespread deep liquefaction, masses of sandy 
deposits would not only cause lowering of the land surface by 
qensiflcation, but also by mass transport or lateral spreading 
at depth-the liquid sand moving away from one area into 
another. Such movement of masses of material below land 
surface would tend to create pairs of morphoseismic 
features, one lower than before the earthquake (subsidence 
or surface sagging), the other higher (upheaval, extrusion or 
surface uplift) (Yoshida, 1989). The area into which the sand 
had moved would be reflected at the surface as a region 
higher than before. Conjugate pairs of raised and lowered 
land surfaces associated with SIL have been observed 
repeatedly in smaller-scale landforms in the New Madrid 
Seismic Zone (Stewart & Knox, 1991, 1993, 1995b). They 
have also been predicted theoretically by computer models 
(Yoshida, 1993). We suggest that this process may have also 
contributed to large-scale raised areas, such as the 
Tiptonville Dome, and sunk lands, such as the basin of 
Reelfoot Lake. Tiptonville Dome and Reelfoot Lake are large 
adjacent morphoseismic features attributed, at least in part, 
to the New Madrid series of 1811-12 earthquakes. 
Liquefied sand that moves laterally below ground 
surface during and following large earthquakes will seek a 
variety of surface and subsurface outlets to relieve pressure. 
Surface outlets include sand fissures, sand boils, explosion 
sand blows. channel blowouts, seismic sand ridges. and sand 
sloughs. Subsurface outlets include sand dikes, sand sills. 
and lateral spreading. (Knox & Stewart, 1995; Stewart & 
Knox. 1991. 1993, 1995a, 1995b) Such subsurface move-
ments will result in volume changes which manifest them-
selves in differential subsidence-sometimes on a grand 
scale. 
The idea of widespread liquefaction and subsurface 
movements of liquefied sandy sediment as one of the 
processes that created Reelfoot Lake seems feasible in light 
of the known facts. However. this hypothesis poses a rather. 
important unanswered question: How deep can liquefaction 
of unconsolidated materials take place? Can sandy sedi-
ments, or seams of sand within deposits of shale or clay, 
liquefY at depths of 100 meters or more. Such depths would 
be necessary to produce enough densification to create 
large-scale depressions such as Reelfoot Lake. Can seismic 
forces be sufficient to temporarily overcome the overburden 
pressures at such depths? 
PREVIOUS INVESTIGATIONS 
In the engineering literature there seems to be little or ns 
consideration or documented observation of liquefactiv .. 
beyond depths of 30 m (Seed, 1968; Seed & !dress, 1971; 
Dobry, et al .. 1982; Prakash, 1987). Florin and Ivanov (1961) 
have concluded that liquefaction, even from very loose sand, 
is virtually impossible for overburdens in excess of 15 m. 
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According to Youd (personal communication, 1994), in his 
experience the deepest known examples of SIL were at 
Snow Lake and Portage, Alaska, during the Anchorage 
earthquake in 1964 at depths of approximately 30 m. Ac-
cording to Ishihara (1985), peak accelerations would have to 
exceed 0.5 g and liquefaction would have to be less than 10 
m deep for effects to be seen at the surface. However, 
laboratory tests and the authors' personal field experience 
(Stewart & Knox, 1995a) would indicate otherwise. 
In one laboratory study, liquefaction was investigated 
under high confining pressures of 7 to 70 kg per square em 
(Bishop, et a!., 1965). This corresponds to an overburden 
depth ranging from 30 to 300 m. While this was a laboratory 
experiment, and not an observation of actual field effects 
from an earthquake, liquefaction was found possible under 
such confining pressures. The research demonstrated what 
one would expect, that the greater the confining pressure 
the greater the magnitude of stresses or the greater the 
number of stress cycles necessary to induce liquefaction. 
According to Prakash (1987). "as soon as liquefaction 
occurs, the process of consolidation starts, followed by 
surface settlement that results in closer packing of sand 
particles.~ Prakash also observed that the total amount of 
sinking at the surface "depends upon the time the sand 
remains liquefied.~ 
The parameters that influence liquefaction potential 
and subsequent surface expressions such as subsidence or 
lateral spreading are many. Bartlett and Youd (1993) 
examine 43 factors that affect or Influence permanent 
ground displacements due to liquefaction. Glaser (1994) 
specifically tabulates 27 factors In Table 1 of that paper and 
mentions several others in the text. These factors are 
interdisciplinary In nature, Including seismological. hydro-
logical, topographical. geological. and geotechnical para-
meters. Some of the factors that apply to the present 
discussion Include: 
1. Thickness. stiffness, and hydraulic conductivity of 
both overburden and liquefiable layer. 
2. Earthquake magnitude, distance from source, 
intensity of shaking, and frequency spectra of shaking. 
3. Areal extent and boundary conditions of liquefiable 
layer. 
The following generalities are pertinent to the 
question of this paper: 
1. The larger the deposit of sand, the more 
susceptible it is to liquefaction. (The Reelfoot Lake area is 
quite large.) 
2. The larger the magnitude and/or duration of the 
seismic event, the more probable that liquefaction will occur. 
ffhe New Madrid series included the three largest events in 
the history of the lower 48 states, each lasting several 
minutes in duration. Fuller, 1912, and Nuttli, 1990) 
3. While liquefaction susceptibility Is sensitive to 
previous strain history, areas that have experienced 
liquefaction from previous earthquakes may or may not 
experience significant densification and, thus, are 
susceptible to liquefaction from subsequent events (Seed, 
1976; Youd, 1988). (A number of studies involving digging 
new trenches and/ or cleaning off and observing sides of 
already-existing drainage canals reveal convincing evidence 
of multiple episodes of liquefaction in the NMSZ.) 
4. Horizontal vibrations (perpendicular to the force of 
gravity) induce liquefaction more easily than vertical ones. In 
earthquakes this corresponds to horizontally traveling P-
waves, surface Love waves, or vertically rising S-waves. (The 
Reelfoot Lake region practically overlies the 1811-12 
hypocenters and would have received extremely high 
Intensity vertically rising S-waves.) 
5. Duration (number of cycles) is a key factor. The 
longer the duration of vibratory ground motion, the greater 
the likelihood of liquefaction. Since the seismic wave train 
spreads (or lengthens) with distance, the duration of 
vibrations increases with distance. (This probably explains 
why liquefaction occurred at Cincinnati, 650 km from the 
New Madrid earthquakes. However, Reelfoot Lake was 
virtually in the epicentral region. Settlers present in that 
area at the time reported durations lasting several minutes 
while foreshocks were reported almost continuously for two 
days prior to the Ms = 8.8 event of February 7, 1912. Fuller, 
1912, and Penick, 1990.) 
6. The lower the frequency spectrum (longer period), 
the greater the likelihood of lateral spreading due to 
liquefaction (Baziar, 1991; Yegian, 1991). The further the 
site from the source, the lower the frequencies of vibratory 
ground motion. (This helps to explain why some earthquakes 
cause liquefaction at distances of 100 km or more but not at 
distances less than 40 km from the epicenter creating a 
region affected by liquefaction that is donut-shaped around 
the epicenter. The combination of lowering frequencies and 
Increasing durations with the distance the wave train has 
traveled also explains how liquefaction at a distance can take 
place even with light events measuring as little as magnitude 
4.6 (Stewart & Knox, 1995a). The Reelfoot Lake area, how-
ever, was very near the epicenters of several or the largest 
temblors of the New Madrid sequence where it would have 
experienced the complete spectrum of frequencies from 
high to low and at the very highest peak accelerations. 
Concemlng the topic of this paper as expressed In the 
title, the interest of engineers in liquefaction is linked to 
engineering structures-buildings, highways, dams. etc. 
Whether liquefaction occurs at depth or at the surface, the 
resulting subsidence and other disruptions of the ground. 
surface can seriously damage engineering structures. Since 
most of this damage results from shallow liquefaction 
phenomena (less than 30 m depth) It is not surprising that 
we were unable to find any published engineering reports 
dealing with greater depths. 
In the geologic literature, there is one study on Big 
Lake, Arkansas, by Guccione and Hehr (1991) where they 
drilled test holes in the lake bottom and around the 
perimeter of the lake to see If massive deposits of sand were 
present that may have liquefied and denslfied to cause the 
subsidence and create the lake. They found sand beneath the 
lake bed, but not around the outside perimeter, which 
supports the hypothesis that liquefaction and compaction 
were factors In Its formation. However, their test holes were 
all less than 60 meters deep. The holes in the lake floor 
mostly penetrated sand and bottomed out in relatively loose 
sand so that an unmeasured amount of potentially liquefiable 
material could yet lie below unprobed. To create a large basin 
the size of Big Lake by liquefaction and denslfication, the 
liquefiable materials would have to extend more than 60 
meters deep. The work of Guccione and Hehr was not 
specifically aimed at determining the maximum depths of 
liquefaction but only to determine if liquefiable sediments 
were more prevalent beneath Big Lake as compared to 
around it. Their working hypothesis was verified. 
References to liquefaction are rare In geologic 
publications, even in the joumals of geomorphology. The 
impact of SIL processes on the permanent shaping of 
topography by earthquakes (morphoseismology) Is a 
relatively new branch of geomorphology (Knox & Stewart, 
1995). 
THE RESISTING SYSTEM 
While geologic publications (like engineering publications) 
do not deal with liquefaction at depths below 30 m, they do 
consider high pore water pressures at depths of 300 m and 
beyond (Bogomolov, et a!., 1978; Deju, 1973; Domenico & 
Schwartz, 1990; Kissen, 1978; Watts, 1948). Such extreme 
pore water pressures have been observed In oil wells at 
depths measures In thousands of meters below land surface 
and are referred to as ·geopressures. • 
The normal hydrostatic gradient of water with depth 
Is 1 kg/cm2 /m. The geostatic gradient due to the overburden 
of soil and rock is approximately 2.3 kg/cm2/m. Geo-
pressures are those in excess of the normal hydrostatic 
pressure. In some oil wells geopressures have been observed 
to approach geostatic values (Deju, 1973; Domenico & 
Schwartz, 1990: Watts, 1948). It has been noted by Dome-
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nico & Schwartz (1990) that one of the geologic regimes 
where excessive geopressures can be found are in regions of 
active tectonism and seismicity. 
Liquefaction occurs when pore water pressures are 
sufficient to cause partial separation of the grains of an 
unconsolidated deposit. Under such conditions the shear 
strength of the deposit becomes zero and it can flow like a 
viscous liquid. Potentially liquefiable deposits are usually 
composed of sand, but silt, loess, gravel and some clays can 
also undergo quick conditions under appropriate levels of 
stress and saturation. 
Since the magnitude of stress necessary to induce 
liquefaction increases with confining pressure (overburden) 
and also with degree of consolidation (older or deeply buried 
geologic sediments). the answer to the question of this 
paper requires consideration of how deep can sediments 
remain unconsolidated and how great can the stresses of an 
earthquake be at depth. In other words: How deep can one 
still find unconsolidated sands, silts, or sandy/silty laminae 
or lenses? How great must the stresses be (in magnitude and 
duration) to overcome the geostatic pressures at those 
depths? And is it possible for an earthquake to release 
enough energy over a sufficient period of time at a set of 
frequencies appropriate to invoke a liquefaction response 
that will induce quick conditions in deeply buried sediments 
that will last long enough to be reflected as large areal 
deformations at ground surface? 
According to Dobry, et a!. (1982) liquefaction has not 
been observed in sediments of geologic age older than 
Tertiary. The Tertiary /Quaternary section in the Reelfoot 
Lake area consists essentially of loosely consolidated sands 
above the Midway (Oligocene). These sediments consist of 
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Figure 1. Map of the Eplcentral Locations of the Great 
New Madrid Earthquakes of 1811-12. Note locations of 
Reelfoot Lake, Tennessee, and Big Lake on the Arkansas-







Figure 2. Upper Tertiary Stratigraphic Section in the 
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Figure 3. Liquefaction and Cyclic Shear Stress Versus 
Depth. Curve D represents the stress necessary to induce 
inquefaction at any given depth. Curve A is the stress versus 
depth relationship for a quake too small to induce 
liquefaction. (i.e. It does not intersect curve D.) Curve B 
represents a moderate earthquake which induces 
liquefaction between depth b and b'. (i.e. where it intersects 
curve D.) Curve C represents a major earthquake that 
induces considerable liquefaction between c and c'. (After 
Seed & Idriss, 1971) 
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Wilcox (Eocene) sands (Koenig, 1961) overlain by the 
alluvium of the ancestral Ohio and Mississippi Rivers (Fisk, 
1945). The total thickness of the post-midway section is 
about 300 m (determined from structure contour maps by 
Grohskoph, 1955, and Stearns & Zurawski, 1976). The 
Midway group is mostly clay and is not susceptible to SIL. It 
marks the lower limit of unconsolidated or semi-
consolidated, saturated sediment. 
An adaptation of the classic diagram by Seed & Idriss 
of depth versus shear stress necessary to produce liquef-
action is shown as Figure 3. (Seed & Idriss, 1967; Seed & 
Idriss 1971; Seed, et a!., 1975). We see that for any given 
depth, there is a corresponding stress that must be 
exceeded in the pore water to produce liquefaction. There is 
no inherent limit to the depth by which this is possible by 
this diagram. The diagram also plots a relationship for stress 
versus depth for an earthquake. If the stresses of the 
earthquake exceed the threshold stresses necessary for 
liquefaction at any depth, then liquefaction will occur at 
those depths. As seen in Figure 3, earthquake "A" was too 
small to produce a stress curve that intersected the requisite 
shear strain curve "D" and, hence, produced no liquefaction. 
Earthquake "B" did prod1,1ce a stress curve that intersected 
"D" at points b and b' with resultant liquefaction between 
the depths defined by b and b'. Earthquake "C" was a major 
event that produced liquefaction between depths c and c'. 
While Seed and others do not seem to have considered 
liquefaction beyond 30 meters depths, their models of 
liquefaction versus depth do not rule out liquefaction 
deeper than that. 
Dobry, et a!. (1982) have developed a depth versus 
liquefaction potential formula shown here as Equation 1. 
Again, like the diagram of Figure 3, there is no intrinsic limit 
to maximum depth of liquefaction in this formula. 
Equation 1. ~ = l\(8.2 x 10·4 ) (62.4 Zw + 52.6 Z)li2(ZTd)· 1 
Where: 11p = horizontal peak surface acceleration in g's 
A = normalized shear modulus parameter 
Zw = depth to water table 
Z = depth of potential liquefaction 
T d = shear reduction factor which equals 1 at 
the surface (Z=O) and reduces to values 
between 0.2 and 0.3 below 100 feet (or 
30 meters) 
In the version of the equation above, all units are English, as 
was given in Dobry, eta!. 
For shallow water tables (Zw less than 6 m deep) and 
great depths (Z = 120 m or more) Equation 1 reduces to a 
simple formula shown as Equation 2. (Note: The water table 
is less than 6 m deep throughout the Reelfoot Lake and Big 
Lake areas.) 
Equation 2. 1lp = A(5.95 X 10·3)(Z·l/2)(Td)·l 
If we assume a normal geostatic gradient (mean 
density of 2.3 g/cm3 or 2.3 kg/cm2/m of depth. assume an 
extremely stiff deposit with normalized shear modulus of 
600 and take an extreme lower limit of Td to be 0.1. then we 
can calculate some peak accelerations (ap) required to 
produce liquefaction at depth by use of the resulting equa-
tion, Equation 3. (Note that we have converted Equation 3 to 
mks units at this point so that the depth, Z, is in meters.) 
Equation 3. 11p = 19.7 x z·ttz 
According to this calculation a horizontal surface 
acceleration of aP = 1.0 g could result in liquefactilon at a 
depths of Z = 388 meters even with the stiff parameters we 
have assumed. Such depths of SlL would be more than 
sufficient to produce large regional sunk lands, like Reelfoot 
Lake and Big Lake. 
THE ATTACKING SYSTEM 
The next question is whether or not the New Madrid 
earthquakes produced accelerations of 1.0 g. Considering 
that at least five of these events were felt throughout two-
thirds of the conterminous United States as well as parts of 
Mexico, Canada and Cuba, there can be no doubt that the 
Reelfoot Lake area experienced peak accelerations of l.Og, if 
not 2.0 g or greater. An earthquake of Ms = 8.0 or greater is 
considered to be capable of producing at least 40 cycles of 
peak accelerations capable of producing liquefaction (Dobry, 
et al., 1982). According to Nuttli (1973 & 1990) , an Ms = 
8.4 event occurred on January 23, 1812, and an Ms = 8.8 
event on February 7, 1812, both of which had epicenters less 
than 25 km west of Reelfoot Lake. Both of these events are 
known to have been causative factors in its formation. 
CONCLUSIONS 
This analysis does not prove that massive deep liquefaction 
in the Reelfoot Lake area is responsible for the formation of 
the basin that cradles the lake. But it does demonstrate that 
such an idea is credible and possible, if not likely. Only a 
program of deep test hole drilling in and around the lake 
would provide the data to prove that deep SIL was or was not 
a significant factor in creating this natural wonder. However, 
despite its inherent limitations, several questions have been 
answered by this exercise. 
1. Yes. It is possible for excessive pore water 
pressures to exist at depths considerably in excess of 30 m 
sufficient to overcome the stiffness created by overburden 
pressures and exceed the thresholds for liquefaction. 
2. Yes. Great earthquakes can generate stresses of 
sufficient intensity and duration to produce conditions for 
liquefaction In unconsolidated sediments at depths of 300 
meters or more. 
3. Yes. Deep SlL over many square kilometers with 
resultant compaction and subterranean mass movement into 
adjacent regions could cause depressions the size of Reelfoot 
Lake basin. 
The answer to the question posed by the title of this 
papers is this: There surely is a depth below which no 
liquefaction will occur. But that limit will probably be 
determined by factors not considered here that can only be 
determined empirically in the field, and not theoretically by 
either a mathematical or laboratory model. 
The maximum depth at which liquefaction can occur 
is probably the same as the maximum depth at which sands 
and silts can still remain unconsolidated and maintain a 
sufficient porosity and hydraulic conductivity. Whatever those 
depths, earthquakes of magnitude 8.0 or greater are capable 
of producing stresses between the hypocentral and epicen-
tral zones sufficient to overcome overburden pressures at 
depths of 300 meters or more. If this is true, then a simple 
test well to determine the depth of unconsolidated 
sediments would suffice to determine the depth to which 
liquefaction Is possible In any given area threatened by great 
earthquakes. 
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